This work reports a method for nanowelding silver nanowires (AgNWs) using ultrashort laser pulses to minimize thermal damage on flexible substrates. Because of localized field enhancement and limited thermal diffusion, femtosecond laser irradiation enabled joining of AgNWs only at junctions, maintaining their original crystalline structure. The femtosecond laser nanowelding process produced neither breakup of the nanowire (NW) junction nor thermal aggregation. In addition, the sheet resistance and transmittance of the AgNW network were improved up to 25 U sq À1 and over 94% at 550 nm, respectively. The femtosecond laser irradiation caused considerably less damage to a polymer substrate than nanosecond laser irradiation. The proposed nanowelding process is expected to serve as a useful tool to fabricate integrated plasmonic devices as well as transparent conducting electrodes on flexible substrates.
Introduction
Silver nanowire (AgNW) networks have recently attracted substantial attention as an alternative to indium tin oxide lms owing to their good electrical, optical, and mechanical properties. [1] [2] [3] However, electrical conduction in nanowire (NW) networks is limited by wire-to-wire junction resistance, 3, 4 which can result in high resistivity, electric failure, and thermal stress. 5, 6 Therefore, there is an emerging need to develop technology for joining NW junctions effectively, especially in scalable fabrication of future electronics. Signicant success has been reported in fusing wire-to-wire junction using various methods including thermal annealing, 3,7 mechanical pressing, 8 Joule heating, 9,10 and plasmonic optical welding.
11
Recently, an optical welding technique has been reported using a broadband continuous wave light source. They demonstrated that the electromagnetic eld enhanced in the nanoscale gap between two crossing AgNWs could be employed to weld the AgNWs. The optical welding technique can induce localized heat generation at the junction while thermal annealing heats NWs uniformly.
11 High-intensity pulsed lasers were also employed owing to their advantages such as a localized thermal effect and a ne spatial resolution.
12-16
Successful nanowelding of AgNWs using nanosecond or longer pulsed lasers has been reported, showing good electrical conductivity and formation of localized junctions at contact points. [12] [13] [14] [15] [16] However, those processes generated knurls on AgNW surface, 12 deformation of the polyethylene terephthalate (PET) substrate, 12 degradation of transmittance, 13 or balling at the ends of AgNWs.
14 A recent work demonstrated successful joining of AgNWs without affecting the AgNWs network other than the junctions using a KrF excimer laser (248 nm, 25 ns, 20 mJ cm À2 ). 15 One potential problem is that the process may cause surface damage on exible substrates. For example, the damage and ablation thresholds of PET by excimer laser irradiation are 5 and 22 mJ cm À2 , respectively.
17-19
A femtosecond laser is a unique tool in nanoscopic processing of materials as it can deposit energy with a time scale shorter than the electron-phonon equilibrium time. 20 Accordingly, femtosecond laser irradiation can offer high-intensity material processing with a nanoscale precision. [21] [22] [23] Although near-eld optical excitation may result in highly localized heating at discrete points of a nanostructure, the equilibrium temperature distribution in the nanostructure becomes almost uniform as the thermal diffusion length exceeds the dimension of the sample even for nanosecond laser pulses. 24 On the contrary, femtosecond pulses enable localized heating because thermal effects can be frozen near the location of initial energy deposition. 25, 26 Furthermore, femtosecond laser irradiation can lead a material to a highly nonequilibrium state, possibly inducing nonthermal phase transformations. For instance, at a laser uence close to the surface damage threshold, strong electronic excitation followed by weakening the interatomic bonds may occur, causing a nonthermal phase transition.
27,28
Previous studies also showed theoretically and experimentally that nanoparticles can be melted at a temperature below the conventional thermal melting point and joined together with a melting thickness of a few nanometers using ultrafast laser irradiation. 26, 29, 30 In this work, we report our attempt to develop a nanowelding process for AgNWs using femtosecond laser pulses. More specically, our aim was to generate nanowelded AgNW junctions without affecting other region of the nanowire network and the PET substrate. In addition to the formation of crystalline structures at each junction, the sheet resistance and transmittance of the fabricated AgNW lms were also measured to assess the feasibility of the fabrication of transparent conducting electrodes on exible PET substrates. Morphological changes were investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) before and aer laser irradiation. We performed numerical simulations to investigate the localized eld enhancement and the heat diffusion based on two-temperature model.
Materials and methods

Materials
AgNW dispersion (1 wt%, 30-40 nm diameter, 10-20 mm length, purity > 99.9%) was purchased from Ditto Technology. The mean diameter of the NWs determined from SEM images was 38.0 AE 2.7 nm before laser irradiation. Before the deposition of the AgNWs on the PET substrates, the AgNW dispersion was homogenized using a magnetic stirrer for 1 h. The AgNWs were deposited on the PET substrates using spin coating at 1800 rpm for 45 s. Then the sample was dried in the ambient air environment at room temperature (20 C) for 10 min. The spincoated samples maintained good adhesion characteristics without any degradation of sheet resistance. No detachment of AgNWs was observed unless the layer was mechanically scratched.
Laser irradiation
A femtosecond Ti:sapphire laser with a regenerative amplica-tion system (wavelength l ¼ 800 nm, full width at half maximum FWHM ¼ 50 fs, pulse energy < 3.5 mJ, repetition rate ¼ 1 kHz) was employed in the experiment. The laser beam was linearly polarized with a Gaussian energy distribution (M squared factor < 1.2). A half-wave plate and a polarizer were used to adjust the laser pulse energy. Aer passing through a square shaped aperture of 3 mm by 3 mm, the laser beam was projected by a lens with a focal length of 150 mm. The sample was placed perpendicular to the laser beam at 3 mm aer focal point, and the measured laser spot size was 500 mm. The laser beam scanned the sample surface by moving the sample stage using a computer-controlled microstage. The scanning speed (v) was varied in the range of 0.1-10 mm s À1 at a pulse repetition rate of 1 kHz. Correspondingly, each spot was irradiated with 50-5000 laser pulses effectively using the beam scanning method.
To clarify the effect of ultrafast laser irradiation on the nanowelding process, experiments were carried out using a nanosecond laser (KrF excimer laser of l ¼ 248 nm, FWHM ¼ 25 ns) for comparison.
Characterization
A four-point probe system was employed to measure the sheet resistance of the sample before and aer the laser treatment. The sample (20 mm by 20 mm) was probed with 1 mm tip spacing. Transmittance spectra were obtained using an ultraviolet-visible-near-infrared spectrometer (V670, JASCO Corp.) with the original PET substrate as a reference. The topography of the AgNWs was analyzed using high-resolution SEM (JEOL JSM-7401) and high-resolution TEM (HRTEM, JEOL JEM-2200FS). The TEM sample was prepared by dropcasting on silicon dioxide TEM grid. The morphology of substrate was analyzed using an atomic force microscope (AFM, VEECO Dimension 3100).
Results and discussion
Sheet resistance and transmittance The transmittance remained the same or slightly increased, yielding a maximum value of 94.3% at F ¼ 90 mJ cm À2 . When F > 180 mJ cm
À2
, the sheet resistance increased and the transmittance decreased signicantly. Fig. 1b shows the sheet resistance of the AgNW lms at various scan speeds and u-ences. At F ¼ 45 and 90 mJ cm À2 , the sheet resistance increased with increasing the scan speed. At F ¼ 180 mJ cm À2 , the sheet resistance increased with decreasing the scan speed. Fig. 1c shows the optical transparency before and aer laser treatment for various laser uences at v ¼ 0.1 mm s À1 . Consequently, in this work, the optimal condition for fabricating a conducting transparent AgNW lm was F $ 90 mJ cm À2 and v $ 0.1 mm s À1 (Fig. 1b) . These results indicate that femtosecond laser irradiation can serve as an effective tool to fabricate AgNW thin lms on exible substrates with high conductivity and transmittance (Fig. 1d) .
Morphology of the laser-welded AgNWs
The SEM images of AgNWs spin-coated on the silicon substrate before and aer laser treatment (v ¼ 0.1 mm s À1 ) are displayed in Fig. 2 . Fig. 2a displays AgNWs randomly deposited with network formation. We did not observe any notable change in the SEM images at F < 90 mJ cm À2 (Fig. S1 †) . Aer laser treatment at F ¼ 90 mJ cm À2 , the contact points began to fuse (Fig. 2b) . A higher laser uence (F ¼ 120 mJ cm À2 ) starts to cause damage of several AgNWs (Fig. 2c) . Further increase in the laser uence to F ¼ 180 mJ cm À2 substantially induced damage and breakup of the AgNWs (Fig. 2d) , which is consistent with a steep increase in the sheet resistance (Fig. 1a) . In addition to SEM, TEM analysis was performed to observe a change at the AgNW contact caused by laser irradiation. Before laser irradiation, each AgNW lied on another one without forming atomic bonds (Fig. 3a) . Aer laser treatment, the AgNWs formed an intimate contact and/or welding (Fig. 3b) .
Selective area electron diffraction (SAED) pattern
In order to further elucidate the femtosecond based nanowelding behavior, Fig. 4 displays the selective area electron diffraction (SAED) pattern aer laser irradiation at F ¼ 90 mJ cm À2 and v ¼ 0.1 mm s À1 . Aer laser treatment, the diffraction spots appeared along two directions at the junction with roughly equal intensity and rotated by approximately ninety degrees (Fig. 4d ). In the case of optical welding using a halogen lamp, only a single crystal orientation exists at the junction because atoms in the bottom wire must exhibit a signicant mobility and allow epitaxial recrystallization onto the top wire.
11
In this work, femtosecond laser irradiation did not melt and recrystallize the entire NW, and thus recrystallization did not occur in the whole area of a NW but induced partial surface melting around the contact point maintaining the original crystal orientation of each NW. Nian et al. showed that short pulsed laser enables local crystalline nanojoining by possible nonequilibrium recrystallization rather than a epitaxial recrystallization.
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Numerical analysis for heating the AgNWs using the laser
In order to examine the localized surface plasmon (LSP) resonance associated with subwavelength-sized AgNW, the absorption efficiency of a free-standing AgNW with diameter of 40 nm was calculated by nite-difference and time-domain method (Fig. S4 †) . For the free-standing two-dimensional AgNW under the illumination of light with the transverse-magnetic polarization, LSP occurs at 370 nm, which is far away from the wavelength of femtosecond laser. This suggests that welding of AgNW does not rely on the surface plasmon associated with an individual AgNW. Rather eld localization in the vicinity of junction between two AgNWs play an important role. For verication of the eld localization, we calculated the electromagnetic eld distribution when two AgNWs form a junction. As can be seen from Fig. S4b , † electric eld intensity is strongly enhanced in the vicinity of the junction and such eld localization occurs regardless of the wavelength although enhancement factor varies.
The two-dimensional nite element method (FEM) simulation was performed to calculate the electric eld enhancement and heat generation ( Fig. 5a and b) . Maxwell's equations were solved in the frequency domain where E, n c , and k 0 are the electric eld phasor, complex refractive index, and magnitude of the vacuum wave vector, respectively. For Ag, n c ¼ n À ik ¼ 0.144 À 5.29i was applied at l ¼ 800 nm. 31 The electric eld was signicantly enhanced in a few-nanometer gap at the junction. The maximum heat generation was 2963 W mm À2 at F ¼ 90 mJ cm À2 , and its position was located around the contact point in the bottom NW. Then the thermal transport was analyzed based on the twotemperature model (TTM). Energy dissipation in the E eld can be considered as a Joule heating source
where J is the current density (J ¼ sE) (s: electrical conductivity, k i : extinction coefficient, u: angular frequency, 3 0 : vacuum permittivity, m r : relative permittivity). The TTM for electron and lattice temperatures T e and T l was employed to calculate the thermal response
where C is the volumetric heat capacity, k is the thermal conductivity, and G is the electron-phonon coupling factor. Subscripts e and l indicate electron and lattice, respectively. The employed TTM is based on the Fourier heat conduction theory, which is valid when a system is large enough compared to the heat-carrier mean free path. 32 Although the diameter of AgNW is comparable to the mean free path of electrons (i.e. major heat-carrier for metal), the approximate temperature evolution is estimated by the TTM model assuming 55% of bulk value for thermal conductivity of AgNW in order to partly reect the size effect. 33, 34 The heat generation term was taken from Fig. 5c (assumed to be localized in the distance x < 40 nm from the junction).
The temperature distribution during and aer the laser irradiation shows that the thermal penetration depth (l t ), over which the temperature decreases to 1/e ($37%) of the maximum, was approximately 360 nm for femtosecond laser irradiation (pulse duration s L : 50 fs). The electron temperature increased and had the maximum value within 100 fs. Then the lattice temperature increased through electron-phonon coupling, reaching equilibrium aer $10 ps. The lattice temperature at the junction had the maximum value aer thermal equilibrium of the electron and lattice system was achieved (Fig. 6a ). For comparison with nanosecond laser irradiation, we employed a laser heat source term with the same total pulse energy but different s L of 25 ns (Fig. 6b) . The lattice temperature increased during laser irradiation with thermal equilibrium and had the maximum value at the junction aer laser irradiation (25 ns). The thermal penetration depth was 2.5 mm, which is consistent with the estimated value using the equation l t ¼ ffiffiffiffiffiffiffi ffi Ds L p , where D is the thermal diffusivity of silver.
Substrate damage
Femtosecond laser irradiation induced considerably less damage to the PET substrate than nanosecond laser irradiation (Fig. 7) . Fig. 7a shows that femtosecond laser irradiation does not change the transmittance and roughness of the bare PET substrate at uences where the nanowelding process and even the breakup of the NW network (F # 200 mJ cm À2 ) occurred.
The ablation of PET and severe surface modication occurred at F ¼ 300 mJ cm À2 , which is consistent with the result by Kumagai et al. 35 On the other hand, the KrF excimer nanosecond laser decreased the transmittance of PET (Fig. 7b) . The damage to the substrate was conrmed by AFM images within a scan area (5 mm by 5 mm). The root mean square roughness (R q ) increased to 7.0 nm, and the transmittance slightly decreased compared to bare PET at F ¼ 10 mJ cm À2 . Holes with a depth of approximately 20 nm were generated. As the laser uence was increased, R q substantially increased and nanostructures were generated on the PET surface. This surface modication is consistent with the result of the previous research, which reported that the damage threshold of PET by the KrF excimer laser was 5 mJ cm À2 .
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Non-thermal welding mechanism
Fig. 8a displays tiny nanoparticles (<5 nm) that were spread near the NWs aer femtosecond laser irradiation while the mean diameter of the AgNWs decreased aer laser treatment (Fig. 8b) . The effective heat diffusion length of silver (>100 nm) aer femtosecond laser irradiation is much larger than the diameter of the AgNWs (38 nm).
36,37 Therefore, it is regarded that such a material ejection dominantly from the surface can be hardly caused by thermal explosion. We assume that the generation of tiny nanoparticles is attributed to non-thermal electron and ion emission caused by intense laser pulses. It has been reported that electrons and ions can be emitted from nanoparticles in highly intense laser elds of the order of 10 12 W cm À2 .
38,39
The calculated intensity for current experimental condition (Fig. 5c) shows an enhanced value up to 2.8 Â 10 12 W cm À2 at the gap of the AgNWs, supporting the possible electron and ion emission. Accompanied with electron and ion emission, possible scenario of the femtosecond laser-induced nanowelding process is briey explained in the following. First, it has been proposed that electron emission can initiate decomposition of PVP layers and soen the lattice of the silver surface of silver nanoparticles. 29 Similar soening of the AgNW lattice by electron emission can join adjacent AgNWs. Second, some portion of the material ejecta in the form of nanoparticles through ion emission process (conrmed by the formation of nanoparticles and decrease of wire diameter; refer to Fig. 8 ) can mediate the contact of the AgNWs. The nanoparticles generated at the hot spots easily adhere to the surface of the NWs to minimize the surface energy during the joining process.
Comparison with nanosecond laser based nanowelding
To further conrm that the above-described joining characteristics were mainly due to an ultra-short time scale of energy deposition in femtosecond laser irradiation, similar experiments were repeated using a nanosecond laser. Recently, Nian et al. 15 reported that controlled nanosecond laser irradiation (l of 248 nm, s L of 25 ns) improves the NW cross junction conductance, and removes organic ligands. Fig. 9a and b show the sheet resistance and the transmittance of the AgNW lms before and aer excimer laser irradiation at various laser u-ences, which is consistent with the results of the previous report. When 5 mJ cm À2 # F # 20 mJ cm À2 , both sheet resistance and transmittance decreased with F increasing. At F ¼ 25 mJ cm À2 , the sheet resistance changed sharply to several MU. Fig. 9c shows the nanowelded junction of AgNWs caused by nanosecond laser irradiation at F ¼ 20 mJ cm À2 , where the sample showed the lowest sheet resistance. Nanosecond laser irradiation also generated nanoparticles as in the case of femtosecond laser irradiation. However, the particles were mostly aligned with the AgNWs (Fig. 9d) , indicating that they were formed by thermal aggregation of molten NWs. At F ¼ 25 mJ cm À2 , molten AgNWs were converted into a chain of nanoparticles, which have the mean diameter of 130 nm AE 35 nm (Fig. 9d) . Possibly, this transformation is a thermal phenomenon induced by the Rayleigh instability of molten NWs.
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The AgNWs damaged by femtosecond laser irradiation have remarkable difference from those damaged by nanosecond laser irradiation (Fig. 10) . In the case of femtosecond laser irradiation at F ¼ 180 mJ cm À2 , the breakup of the junction was observed. We observed tiny nanoparticles at the junction through laser irradiation possibly by the photofragmentation of AgNWs. The photofragmentation of nanoparticles can be explained by the two different mechanisms: the photothermal evaporation model and the Coulomb explosion model. 41 In this work, the exact mechanism is not yet clear, and further studies on the mechanism of the fragmentation of silver NWs using femtosecond laser irradiation are needed. However, it is clearly observed that femtosecond laser irradiation can induce explosive fragmentation of NWs, which results in the formation of tiny nanoparticles (<10 nm) at the junctions, while nanosecond laser irradiation generates chains of relatively larger nanoparticles (>100 nm) formed by resolidication of melted atoms in the whole region.
The different aspects of laser-induced damage on the AgNWs caused by femtosecond laser irradiation and nanosecond laser irradiation can also verify that femtosecond laser irradiation induces a smaller thermal side effect compared to nanosecond laser irradiation. Although heat generation is localized near the junction by the localized electric eld between the gap of NWs, heat is diffused by electron-phonon and phonon-phonon coupling across and along the NWs. The thermal penetration depth was calculated to be approximately 360 nm upon femtosecond laser irradiation assisted by electron diffusion and electron-phonon coupling, whereas the thermal penetration depth caused by nanosecond laser irradiation (s L ¼ 25 ns) was calculated to be 2.5 mm. We observed that the damage region of silver NW was localized within several hundred nanometers from the junction in the case of femtosecond laser irradiation ( Fig. 10a and c) . On the other hand, in the case of nanosecond laser irradiation, heat is diffused along the whole NW, which leads to melting the whole NW and the transformation into series of nanospheres all over the region ( Fig. 10b and d) .
Conclusions
In this work, we report a method for nanowelding AgNWs using femtosecond laser irradiation. Both sheet resistance and transmittance of the AgNW network were improved up to 25 U sq À1 and 94.3% at 633 nm, respectively. Femtosecond laser irradiation allowed joining of atoms strictly near the junction maintaining original crystallinity and shape of each AgNW, which was conrmed by TEM analyses. We propose possible joining mechanisms based on electron emission upon highintensity femtosecond laser irradiation (>10 12 W cm À2 ). In addition, we showed that femtosecond laser irradiation could induce highly localized heating process by observing the localized damage (<500 nm from the junction) without thermal aggregation and transformation into a chain of nanospheres. The femtosecond laser nanowelding process was free from damage on the underlying PET substrate, indicating its potential to the fabrication of transparent conducting electrodes and integrated plasmonic devices on temperature sensitive exible substrates. .
